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SUPRRESSION OF SHOCK - INDUCED FIG . 4 is a cross - sectional side view of the inlet portion 
AIRFLOW SEPARATION shown in FIG . 2 with the device of FIG . 2 being shown in 

phantom and with the Mach contour cross - section chart 
CROSS - REFERENCES TO RELATED representing airflow when the device is in an inhalation 

APPLICATIONS 5 portion of its operation cycle ; 
FIG . 5 is a cross - sectional side view of the inlet portion 

Not Applicable shown in FIG . 2 with the device of FIG . 2 being shown in 
phantom and with the Mach contour cross - section chart 

STATEMENT REGARDING FEDERALLY representing airflow when the device is in an exhalation 
SPONSORED RESEARCH OR DEVELOPMENT 10 portion of its operation cycle ; 

FIG . 6 is a fragmentary orthogonal view of an alternative 
Not Applicable device installation in an inlet wall ; 

FIG . 7 is a cross - sectional view of the device and inlet 
BACKGROUND wall of FIG . 6 taken along line 7 - 7 of FIG . 6 ; 

15 FIG . 8 is a cross - sectional view of the device and inlet 
Field wall of FIG . 6 taken along line 8 - 8 of FIG . 7 ; 

This application relates generally to the suppression of FIG . 9 is a front end perspective view of a non - axisym 
metric ( or “ 2D " ) jet inlet ; and shock - induced separation of high speed jet inlet airflow from FIG . 10 is a side cross - sectional view of the jet inlet of a relatively low - energy boundary layer . 20 FIG . 9 showing supersonic shock wave locations , and loca Description of Related Art Including Information Dis tions for installing shock - induced separation suppression closed Under 37 CFR 1 . 97 and 1 . 98 devices . When operating at supersonic speeds , high speed jet inlets 

may develop shock waves in ricocheting patterns that dis DETAILED DESCRIPTION 
rupt inlet airflow . These shockwaves can cause flow sepa - 25 
ration of boundary layer air where the shockwaves contact An apparatus for suppressing shock - induced separation of 
interior walls of a jet engine inlet . As a result , bubbles of high speed jet inlet airflow from a relatively low - energy 
low - energy separated air can form around the points where boundary layer is generally shown at 10 in FIGS . 1 - 5 , 9 , and 
shock waves touch the inlet walls . 10 . A second embodiment is generally shown at 10 ' in FIGS . 

30 6 - 8 . Reference numerals with the designation prime ( ) in 
SUMMARY FIGS . 6 - 8 indicate alternative configurations of elements 

that also appear in the first embodiment . Unless indicated 
An apparatus is provided for suppressing shock - induced otherwise , where a portion of the following description uses 

separation of high speed airflow from a relatively low - a reference numeral to refer to FIGS . 1 - 5 , 9 , and 10 , that 
energy boundary layer of a fluid mass flowing along a wall . 35 portion of the description applies equally to elements des 
The apparatus comprises an actuator that is configured to ignated by primed numerals in FIGS . 6 - 8 . 
alternately inhale and exhale fluid , and that is positioned to As shown in FIG . 2 , the apparatus 10 may include one or 
inhale fluid from a shock - induced boundary layer separation more actuators 14 mounted to a wall 12 . Each actuator 14 
bubble . may be configured to alternately inhale and exhale fluid , 

Also , a method is provided for suppressing shock - induced 40 such as air , at a rapid rate in an operation cycle . The 
separation of high speed airflow from a relatively low - actuators 14 may be zero - net - mass - flux ( ZNMF ) actuators , 
energy boundary layer by drawing fluid from a boundary but in other embodiments may be any other suitable type of 
layer separation bubble induced along a wall by a supersonic actuator . 
shock wave propagated in a fluid mass . As best shown in FIGS . 3 - 5 , each actuator 14 may be 

45 located in a position along the wall where it can alternately 
DRAWING DESCRIPTIONS inhale fluid from and exhale fluid into a relatively low 

energy boundary layer of a fluid mass 16 flowing along the 
These and other features and advantages will become wall 12 . Each actuator 14 may further be positioned such 

apparent to those skilled in the art in connection with the that an inhalation portion of its operation cycle may cause it 
following detailed description and drawings of one or more 50 to inhale low energy fluid from a flow separation region or 
embodiments of the invention , in which : boundary layer separation bubble 18 induced by a super 

FIG . 1 is a side cross - sectional view of an axisymmetric sonic shock wave 20 propagated in the fluid mass 16 . Each 
jet inlet showing supersonic shock wave locations , and actuator 14 may also be positioned such that it will inhale 
locations for installing shock - induced separation suppres fluid from a position downstream from an upstream end of 
sion devices ; 55 the separation bubble 18 and upstream from a downstream 

FIG . 2 is a fragmentary perspective view of a portion of end of the bubble 18 . The actuators 14 of the apparatus 10 
the inlet of FIG . 1 and actuator arrays of a portion of one of may also be positioned to energize a boundary layer by 
the devices of FIG . 1 and , in the background , an airflow directing exhaled fluid back into the boundary layer in a 
cross - section chart displaying Mach number contours ( ve - generally downstream exhalation direction . So configured 
locity magnitude non - dimensionalized by the local speed of 60 and positioned , the actuators 14 of the apparatus 10 are able 
sound ) , with a gray scale depicting high Mach number ( high to diminish or at least partially collapse the separation 
speed ) in lighter shades and low Mach number ( low speed ) bubble 18 while energizing the boundary layer , thus pre 
in darker shades ; venting blockage , pressure losses , and possible unstart of an 

FIG . 3 is a cross - sectional side view of the inlet portion engine inlet . 
shown in FIG . 2 with the device of FIG . 2 being shown in 65 As shown in FIG . 2 , the apparatus 10 may include phased 
phantom and with the Mach contour cross - section chart actuator arrays 22 that may each comprise at least two 
representing airflow when the device is inactive ; actuators 14 ( four shown in FIG . 2 ) . The actuators 14 may 
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be disposed adjacent one another and arranged along the 12 . This may be done by commencing an inhalation portion 
wall 12 transverse to a flow direction 21 of the fluid mass 16 . of an operation cycle of the ZNMF actuators 14 as shown in 
Each actuator 14 of each array 22 may be configured to FIG . 4 . The inhalation portion of the cycle may include 
alternately inhale and exhale fluid at a rapid rate in an causing the ZNMF actuators 14 to inhale fluid from a 
operation cycle , and each actuator 14 may be positioned to 5 position downstream from the upstream end of the separa 
alternately inhale and exhale fluid from and into a boundary t ion bubble 18 and upstream from the downstream end of the 
layer of a fluid mass 16 flowing along the wall 12 . The bubble 18 . In other words , the actuators 14 may inhale fluid 
operation cycles of the actuators 14 in a four - actuator array from an interior portion of the bubble 18 . 
22 may be phased with one another such that the cycle for Fluid may then be directed back into the boundary layer 
each actuator 14 begins after the other three actuators in the 10 in a generally downstream exhalation direction by causing 
array have completed 90 , 180 and 270 degrees ( i . e . , one the ZNMF actuators 14 to commence an exhalation portion 
quarter , one half and three quarters ) of their cycles . This of the operation cycle as shown in FIG . 5 . The exhalation 
phasing assures that “ inhaling " is always occurring some portion of the cycle may comprise causing the ZNMF 
where within each array 22 , and overall fluctuations asso - actuators 14 to alternately inhale fluid from and exhale fluid 
ciated with the operation are smoothed . In other words , the 15 into the boundary layer at a rapid rate . The operational 
drawing , directing , and alternating steps may include caus - frequency of a ZNMF actuator is typically governed by its 
ing each of at least two ZNMF actuators to alternately inhale material properties , shape and size , which are driven by the 
fluid from and exhale fluid into the boundary layer during environment and available volume for housing the installed 
respective operation cycles of the actuators 14 . The opera actuator ( s ) . A representative actuator for the wind turbine 
tion cycles of the actuators 14 may be phased with one 20 application would have a diameter , thickness , operational 
another such that the cycle of each actuator leads ahead or frequency and duty cycle ( fraction of time spent exhaling ) of 
lags behind those of neighboring actuators in a precise approximately 3 inches , 1 / 4 inch , 800 Hz and 50 % , respec 
manner to optimize performance and reduce overall vibra - tively . The maximum speed of the exhaled air may be 
tion . several hundred feet per second ( over half of the local speed 

The duty cycle of each individual actuator 14 may also be 25 of sound ) . However , actuators with different properties may 
modified to increase the portion of each cycle dedicated to be employed and operated at the conditions best suited for 
the “ inhale ” ( i . e . , to inhale slowly and exhale quickly ) . This optimum performance . 
operating cycle configuration may further enhance the con - The operation cycles of the actuators 14 may be phased 
stancy of separation bubble diminution in the vicinity of the with one another according to the number of actuators per 
array 22 . 30 array ( e . g . , 90 degrees of phasing for an array with 4 

As shown in FIG . 2 , a plurality of phased actuator arrays actuators ) . The operation cycles may be asymmetric , i . e . , 
22 may be disposed adjacent one another and distributed each actuator 14 may be slowed during its inhalation portion 
along the wall 12 transverse to the flow direction of the fluid of the operation cycle , relative to the exhalation portion , 
mass 16 . The actuator arrays 22 may be disposed in respec such that more time is spent drawing fluid than directing it 
tive locations where a boundary layer separation bubble 18 35 downstream . In other embodiments , however , each actuator 
forms along the wall 12 when the fluid mass 16 is flowing , 14 may be configured such that directing the fluid may 
such that the arrays 22 are able to diminish a larger portion require more time to complete than drawing the fluid . In 
of a separation bubble 18 that forms along the wall 12 other embodiments each actuator 14 may also be configured 
transverse to the flow direction . to alternate between operation cycles that prolong the draw 

The wall 12 may be a continuous interior wall of an 40 ing or directing of fluid . 
engine inlet 24 . For example , and as shown in FIG . 1 , the An airflow separation suppression apparatus constructed 
wall 12 may be either an inner circumferential inlet wall 23 and implemented as described above may prevent blockage , 
or an outer circumferential compression spike wall 25 . As pressure losses , and possible unstart of an engine inlet , by 
shown in FIGS . 1 and 2 , the plurality of phased actuator diminishing , energizing , at least partially collapsing , and / or 
arrays 22 may be distributed in a continuous linear array 45 suppressing formation of a boundary layer separation bubble 
around the continuous interior wall 12 of the engine inlet 24 induced by a supersonic shock wave propagated in a fluid 
to provide uniform diminishment of a separation bubble 18 mass in a high speed jet inlet . 
that forms around the continuous interior wall 12 . This This description , rather than describing limitations of an 
distribution of arrays 22 may be applied with similar effec - invention , only illustrates embodiments of the invention 
tiveness whether the wall 12 is a continuous interior wall 23 50 recited in the claims . The language of this description is 
of an axisymmetric mixed compression inlet 26 as shown in therefore exclusively descriptive and is non - limiting . Obvi 
FIG . 1 , an exterior surface 25 of a compression spike 28 in ously , it ' s possible to modify this invention from what the 
the axisymmetric inlet 26 , or an interior surface of a non - description teaches . Within the scope of the claims , one may 
axisymmetric ( e . g . , “ 2 - D ” ) mixed compression inlet 30 as practice the invention other than as described above . 
shown in FIGS . 9 and 10 . 55 
As shown in FIGS . 2 - 5 , the wall 12 may include a What is claimed is : 

downstream - facing step 32 , and the actuators 14 of the 1 . An apparatus for suppressing shock - induced separation 
phased actuator array 22 may be positioned and oriented to of airflow , the apparatus comprising ; 
inhale and exhale boundary layer fluid through the down an engine inlet ; and 
stream - facing step 32 . In a second embodiment , shown in 60 an actuator configured to alternately inhale and exhale 
FIGS . 6 - 8 , each actuator 14 ' of the phased actuator array 22 ' fluid , the actuator being positioned to inhale fluid from 
may be positioned and oriented to inhale and exhale bound a boundary layer separation bubble induced on a wall 
ary layer fluid through a recessed wall port 34 . of the inlet by a shock wave in a fluid mass flowing 

In practice , shock - induced separation of high speed jet along the wall . 
inlet airflow from a relatively low - energy boundary layer 65 2 . An apparatus as defined in claim 1 in which the actuator 
may be suppressed by drawing low energy fluid from the is positioned to direct exhaled fluid back into the boundary 
boundary layer separation bubble 18 induced along a wall layer in a generally downstream exhalation direction . 
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3 . An apparatus as defined in claim 1 in which the actuator 13 . The method of claim 11 in which the step of drawing 
is a zero - net - mass - flux ( ZNMF ) actuator . fluid from a boundary layer separation bubble includes 

4 . An apparatus as defined in claim 2 in which the causing a ZNMF actuator to inhale fluid from the boundary 
apparatus includes a phased actuator array comprising at layer separation bubble during an inhalation portion of an 
least two actuators disposed adjacent one another and 5 operation cycle of the ZNMF actuator . 
arranged along the wall transverse to a flow direction of the 14 . The method of claim 12 in which the step of directing 
fluid mass , each actuator of the array being configured to fluid back into the boundary layer includes causing the 
alternately inhale and exhale fluid in an operation cycle of ZNMF actuator to direct fluid back into the boundary layer each actuator , and each actuator of the array being posi in a generally downstream exhalation direction during an tioned to alternately inhale fluid from the boundary layer 10 exhalation portion of the operation cycle of the ZNMF separation bubble and exhale fluid into the boundary layer , actuator . the operation cycles of the actuators being phased with one 15 . The method of claim 12 including the additional step another such that the cycle of each actuator leads ahead of 
at least one other actuator of the array and lags behind at of causing the ZNMF actuator to alternately inhale fluid 

from and exhale fluid into the boundary layer . least one other actuator of the array . 
5 . An apparatus as defined in claim 4 in which the length 10 . The method of claim 15 in which the drawing , 

of an inhalation portion of each actuator ' s operation cycle is directing , and alternating steps include causing each of at 
adjustable relative to the length of an exhalation portion . least two ZNMF actuators to alternately inhale fluid from 

6 . An apparatus as defined in claim 4 in which the and exhale fluid into the boundary layer during respective 
apparatus includes a plurality of phased actuator arrays 20 operation cycles of the actuators , the operation cycles of the 
disposed adjacent one another and distributed along the wall actuators being phased with one another such that the cycle 
transverse to the flow direction of the fluid mass , in respec - of each actuator leads ahead of at least one other actuator of 
tive locations where the boundary layer separation bubble the array and lags behind at least one other actuator of the 
forms along the wall when the fluid mass is flowing . array . 

7 . An apparatus as defined in claim 6 in which the wall is 25 17 . The method of claim 12 in which the step of alter 
a generally continuous interior wall of an engine inlet and nating the drawing and directing steps includes the addi 
the plurality of phased actuator arrays are distributed around tional step of slowing or speeding the actuator during one of 
the generally continuous interior wall of the engine inlet . the drawing step and the directing step such that one of the 

8 . An apparatus as defined in claim 7 in which the wall is drawing step and the directing step takes more time to 
a generally continuous interior wall of an axisymmetric 30 melnic 30 complete than the other . mixed compression inlet . 18 . The method of claim 17 in which the step of alter 9 . An apparatus as defined in claim 4 in which the 
actuators of the phased actuator array are positioned and nating the drawing and directing steps includes slowing the 
oriented to inhale and exhale boundary layer fluid through a drawing step or speeding the directing step such that the 

drawing step takes more time to complete than the directing downstream - facing step in the wall . 
10 . An apparatus as defined in claim 4 in which the step 

actuators of the phased actuator array are positioned and 19 . An apparatus as defined in claim 1 in which the 
oriented to inhale and exhale boundary layer fluid through a actuator is positioned to inhale fluid from a boundary layer 
recessed wall port . separation bubble induced along the wall of the inlet by a 

11 . A method for suppressing shock - induced airflow sepa - 40 ST supersonic shock wave reflected from the wall . 
ration , the method including the steps of : 20 . A method as defined in claim 11 in which the step of 

drawing a fluid mass into an engine inlet such that a drawing a fluid mass into an engine inlet such that a 
supersonic shock wave propagates in the fluid mass and supersonic shock wave propagates in the fluid mass and 
induces a boundary layer separation bubble in a portion induces a boundary layer separation bubble , includes draw 
of the fluid mass flowing along a wall of the inlet ; and 45 mg ing the fluid mass into an engine inlet such that the super 

drawing fluid from the boundary layer separation bubble . sonic shock wave induces the boundary layer separation 
12 . The method of claim 11 including the additional step bubble to form where the shock wave is reflected from the 

inlet wall . of directing fluid back into the boundary layer in a generally 
downstream exhalation direction . * * * * 


